controlling economically important quantitative traits (Law, 1966) . 
not enough gene markers available in wheat. The need to overcome this difficulty is important and it would be useful for plant breeders, using RICLs, to know the F or a better understanding of the genetics of connumber of loci (k) that differ between the chromosome tinuous variation, it is important that the genes consubstitution line and the parent cultivar that control a trolling quantitative characters be identified so that their desired quantitative trait. individual properties may be investigated. Techniques
The method of Wehrhahn and Allard (1965) may be based on the use of intercultivar chromosome substituused to estimate the number of segregating loci respontion lines have been used to locate genes controlling sible for differences between a chromosome substitution important agronomic traits in wheat (Law, 1966; Zeme- line and a parent cultivar and to test hypotheses. The tra et al., 1986; Berke et al., 1992; Muira and Worland, Wehrhahn and Allard method has several advantages 1994). This technique exploited an intercultivar chromoover other biometrical approaches, such as the Castlesome substitution line in which a single homologous Wright model, since the method can circumvent probpair of chromosomes in one cultivar has been replaced lems due to transgressive segregation and variation by its homologues from a second cultivar (Sears, 1953) .
among loci for allelic effects (Lynch and Walsh, 1998) . However, this technique provides information only conHowever, the Wehrhahn and Allard method has several cerning the chromosomal location of genes, rather than limitations when using RICLs. With field data, there is their number and linkage relationship on the chromooften a considerable chance of incorrectly classifying some. Identifying the number and location of genes RICLs as either parental or nonparental types. Wehrfor agronomic traits on a chromosome is important for hahn and Allard's method does not account for these breeding strategies. Recombinant inbred chromosome errors, and the estimate of k can be seriously biased lines developed between a chromosome substitution when the probability of misclassification is large. In adline (containing the chromosome of interest) and the dition, Wehrhahn and Allard's method is based on the parental cultivar (containing the homologue for the assumption of unlinked loci. However, RICLs differ chromosome of interest) provide a useful tool to deterby only one chromosome, or a part of a chromosome, mine the number of genes and nature of gene action, resulting in a good chance of tightly linked loci, which may seriously bias Wehrhahn and Allard's estimate. , 1000-kernel weight, linked loci, i and j, P(a i ʝ a j ) Ͼ P(a i )P(a j ). Thus, spikes m Ϫ2 ), grain volume weight, plant height, and anthesis date in wheat.
[2]
THEORY AND METHODS

Now if P(a
The estimate k is chosen to make (1/2)* k ϭ P(ʝ a i ) where 1 Ϫ The strategy for the development of RICLs was developed P(ʝ a i ) is estimated from the data using p . Since with the by Law (1966, Fig. 1 ) and later modified and improved by true k, (1/2) k is less than P(ʝ a i ), the estimate k will generally Yen and Baenziger (1992) to remove potential background be smaller than the true k. That is, k is an underestimate of heterogeneity. An F 1 is produced by crossing a substitution k if two or more loci are in coupling phase and the remaining line (containing the chromosome of interest) to the parent are independent. Similar reasoning can be used to show that cultivar (containing a homologue of the chromosome of interif some pairs of loci are in repulsion phase while the remaining est). In the F 1 genotype, a single-chromosome pair will be are unlinked, P(a i ʝ a j ) Ͻ P(a i )P(a j ) and k will overestimate k. heterozygous in a uniform genetic background. By crossing
The estimate k is also based on the assumption of correct this F 1 plant as a male parent to the parent cultivar, monosomic classification of the RICLs into parental or nonparental types. for the chromosome being investigated, monosomic progeny
In practice, a parental line may be incorrectly classified as a can be obtained which will be hemizygous (being monosomic) nonparental line (Type I error) or a nonparental line may be either for a recombinant chromosome or, if no recombination incorrectly classified as a parental line (Type II error). Failure occurred, a nonrecombinant chromosome. By selfing these to account for these errors will result in biased estimates of monosomic lines it is possible to obtain euploid (disomic)
k. An unbiased estimate of k is possible only if it is based on individuals that will be homozygous. As a result, true-breeding an unbiased estimate of the true proportion (P ) of RICLs RICLs can be produced in only two generations, and propathat differ from the parental line (Mulitze and Baker, 1985) . gated until enough seed is available for replicated trials.
In most previous applications, p has been used as an estimate The replicated trials are used for determining the number of P. With classification errors, p is a biased estimate of P of RICLs that differ in response from the parent cultivar. At and thus using p in Eq.
[1] will lead to a biased estimate of any particular locus (with alleles A and a, where a is from the k. With large classification errors, this bias can be severe. parental cultivar), the probability that a RICL differs from
To obtain an unbiased estimate of P, assume that m RICLs the parent cultivar is q ϭ 1/2 (Wehrhahn and Allard, 1965) .
are available for classification where the presence of one or This follows since the cross of two purelines results in homozymore substitution line alleles (A i ) makes the RICL different gous disomic lines of which one-half have allele A. Thus the from the parental cultivar. Suppose that each nonparental proportion of all lines that are A, that is, differ from the parent RICL has probability 1 Ϫ ␤ of being correctly classified as a cultivar, is q ϭ 1/2. When the loci are unlinked, the expected nonparental line [i.e., 1 Ϫ P(Type II error) ϭ 1 Ϫ ␤], while the proportion of lines that differ from the parent cultivar at one probability that a parental RICL (i.e., contains only parental or more of the k loci is 1 Ϫ (1Ϫ q ) k (Wehrhahn and Allard, alleles, a i ) is incorrectly classified as a nonparental is ␣ where 1965; Mulitze and Baker, 1985) . If there are m lines and r the P(Type I error) ϭ ␣. Let y denote the unknown number differ from the parent, the estimated proportion is p ϭ r/m. of nonparental RICLs out of m. If x is the number of RICLs The number of loci with genes affecting the difference becorrectly classified as nonparental and w is the number of m Ϫ tween the parental and substitution line for the trait of interest y parental RICLs that are incorrectly classified as nonparental may be estimated by setting the observed proportion of RICLs lines, then the estimated number of nonparental RICLs is r ϭ that differ from the parental cultivar equal to 1 Ϫ (1Ϫ q ) k x ϩ w. Kotz and Johnson (1982) show that r has a binomial and solving for k (Wehrhahn and Allard, 1965; Mulitze and distribution with parameters m and To Baker, 1985) . For example, given m lines with r RICLs that obtain an unbiased estimate of P, set r/m (the biased estimate differ from the parent cultivar, and m Ϫ r that do not, the of a P ) equal to P(1 Ϫ ␤) ϩ (1 Ϫ P )␣ and solve for P, which proportion of lines that differ from the parent is p ϭ r/m. results in the following formula:
Since r/m is obtained from the experiment and ␣ is set by the Derived in this way, k is the moment estimator of k, but k researcher when classifying lines, P may be computed given can also be shown to be the maximum likelihood estimator an estimate of ␤. Ideally, ␤ would be estimated given the of k (Agresti, 1990; Eskridge and Coyne, 1996) . k is based on sample size, an estimate of the experimental error variance, the assumptions of no epistasis, no linkage, and normal diploid and the mean difference between the parent cultivar and the meiosis. Any deviation from these assumptions will probably nonparental lines. An estimate of k, adjusted for classification decrease the precision of the estimates as stated in Mulitze errors, could then be obtained by using P instead of p in Eq.
[1]. and Baker (1985) .
In most applications, it will not be possible to estimate ␤ In the case of RICLs, the assumption of no linkage may directly since rarely will the geneticist know the mean differnot be justified since the lines differ from the parent only by ence between the parent cultivar and the nonparental lines. one chromosome or by a part of a chromosome. Loci on the This mean difference depends on k, giving rise to a seemingly same chromosome may be linked. Linked loci will bias k , with circular argument: to obtain an error adjusted estimate of k, the direction and magnitude of the bias depending on the form (coupling or repulsion) and strength of the linkage. 
c with c Յ u, may be tested with
(L␤ ), which is asymptotically chi-square with c degrees Substitute
of freedom when H 0 is true. The GENMOD procedure in SAS may be used to obtain weighted least-squares estimates To estimate k using this iterative scheme, it is necessary to specify how the mean difference between the parent cultivar and standard errors using an appropriately defined LINK and ILINK statements (see Appendix) (SAS Institute, 1997). In and the nonparental lines is influenced by k. If loci are unlinked, each with two alleles (A i , a i ; i ϭ 1, . . ., k ) and each A i this application, trait is used as the group factor to simplify programming. allele having the same effect (⌬), then it may be shown that the mean difference between the parent cultivar and the nonTo demonstrate the approach, data were used from a study on the inheritance of yield, kernels spike , grain volume weight, plant height, and anthesis date, using a population of RICLs for chromosome respectively (see Appendix). Estimating this mean difference, using it to compute ␤ based on the standard power formula 3A of hexaploid wheat (Shah et al., 1999a 
CNN(WI3A) where chromosome 3A of WI was substituted for its homologue in CNN. In the F 1 , the only effective recom- [1994] [1995] [1996] in four to nine diverse environ-
ments (Shah et al., 1999a) . Single degree of freedom contrasts Iterative use of Eq.
[4] will generally converge to unique k were tested, using the genotype ϫ environment (G ϫ E) mean estimates, which do not depend on the initial value of k(0). square as the error variance, to identify which of the 50 lines Here we used k(0) ϭ 1. However, some cases may occur where (RICLs-3A) differed significantly (P Ͻ 0.05) from the parental final estimates depend on the starting values. In such cases, cultivar (CNN) for each of the seven agronomic traits. Using care should be used in interpreting estimates of k.
the number of lines (RICLs-3A), out of 50, that significantly Once a final estimate of k has been obtained, weighted differed from the parent cultivar (CNN), the weighted leastleast-squares, as described below, may then be used on this squares approach was used to estimate the number of loci new estimator to obtain standard errors and to test hypotheses. with gene(s) affecting the difference between the parental Weighted least-squares estimates are not possible if P Յ 0 or cultivar CNN and the chromosome substitution line P Ն 1. To avoid such values of P , P is set to 0.01 when (r/m) Յ CNN(WI3A) for these traits. Two sets of estimates were com-␣, and P is set to 0.99 if (r/m ) Ն 1 Ϫ ␤. See Agresti (1990) for puted: (i) ignoring classification errors and (ii) correcting for a technical discussion of the effects of adding small constants to classification errors. obtain weighted least-squares estimates.
Standard errors and hypothesis tests may be based on weighted least-squares (Grizzle et al., 1969; Eskridge and Coyne, 1996) . Assume there are s independent groups, where Correcting for misclassification error had very little group is any factor (e.g., environment or trait) thought to impact on the estimated number of genes that differed explain variation among the k values. For the ith group, P 1 is between CNN and CNN(WI3A) for all traits (Table 1) . The general agreement between the uncorrected and estimate was 0.33, indicating a poor chance that a nonparental line would be correctly classified. With k large, corrected gene number estimates indicated that with these data, misclassification had only a very minor effect most of the lines would be nonparental types, but only about one-third would be correctly classified as nonpaon the estimates. For three of the seven traits (kernels spike Ϫ1 , spikes m
RESULTS AND DISCUSSION
Ϫ2
, and grain volume weight), a very rental. Thus, 38% of the RICLs being classified as nonparental was consistent with a large number of genes small proportion (0.04 or less) of the RICLs differed from CNN, indicating that CNN and CNN(WI3A) had given a large ␤. With these data, the final k estimate was affected by k(0) when ␤ was quite sensitive to k the same genes for these traits. Of the remaining traits, the corrected estimates were slightly smaller than the (t Ն 2.5 in Eq.
[4]) and when p was between 0.3 and 0.4. In general, final k estimates should be obtained uncorrected estimates. A corrected estimate smaller than the uncorrected estimate would tend to indicate for several values of k(0) and care should be used in interpretation when the final k estimate is sensitive to relatively more adjustment for ␣ than for ␤, while a larger corrected estimate, compared with the uncorthe initial k(0) value. Both the corrected and uncorrected estimates were rected, would mean more of an adjustment for ␤. If the power had been very poor (1 Ϫ ␤ Ͻ 0.20), then k adj similar to those found by Shah et al. (1999b) (k s) using RFLP markers with a Bonferroni correction to limit the could have been substantially larger than the corrected estimate k . However, with these traits, the power was experimentwise error rate (Table 1) . With the exception of 1000-kernel weight when k(0) Ն 2, both k and k adj greater than 0.95, causing only a small adjustment to the estimates.
were within one gene of k s (Table 1) , and for five of the seven traits, our estimates were the same or smaller With these data, the correction for misclassification was small. However, the correction would probably be than k s based on Shah et al. (1999b) . Our estimates are based on the assumption of no linkage between loci. At large in trials where the substitution line differed from the parent but there was only a small chance of correctly the present state of knowledge, there is some debate about the likelihood of linkage in this particular applicaidentifying a RICL as nonparental. Trials such as these have genetic differences between the parental and subtion. However, if some pairs of loci are in coupling phase and the others are unlinked then both k and k adj will understitution lines, but because of misclassification, the unadjusted estimate would be an underestimate of the estimate the true number of loci. Coupling phase linkage may be a reasonable assumption with these data since number of genes. However, if there is very little segregation among the RICLs, the adjustment will be minimal all positive alleles were contributed by WI at the loci detected in Shah et al. (1999b) . It is also important to even if power is extremely poor.
The sensitivity of the final k (Eq.
[4]) to the initial recognize that even if all genes are unlinked, the type of variation observed in the RICLs could also be exk(0) is an important consideration when using this procedure. For all traits, except 1000-kernel weight, the plained by a genetic model based on a very large number of loci (Mulitze and Baker, 1985) . This result adds furfinal adjusted estimates were unaffected by the initial k(0) in the range of 0 to 6. However, for 1000-kernel ther justification to considering k and k adj to be lower bounds of the estimated number of loci with genes afweight, the final k converged to k adj ϭ 0.658 when k(0) Ͻ 2, whereas it converged to k adj ϭ 6.64 when k(0) was 2 fecting the difference between the two parental lines.
For anthesis date and 1000-kernel weight, both k and or larger. Both estimates were reasonable given the data. For k adj ϭ 0.658, the final 1 Ϫ ␤ estimate was k adj estimates were larger than k s based on Shah et al. (1999a Shah et al. ( , 1999b ) (anthesis date: k s ϭ 1, k ϭ 1.64, k adj ϭ 0.951, indicating a nonparental line would probably be correctly classified as nonparental. Given that 38% of 1.61; 1000-kernel weight: k s ϭ 0, k ϭ 0.69, k adj ϭ 0.66). For anthesis date, our estimates did not strongly contrathe lines were classified as nonparental, the single gene model was reasonable. Alternatively, when k adj ϭ 6.64 dict those of Shah et al. (1999a Shah et al. ( , 1999b since the standard error for anthesis date was large (0.31) and the evidence (a large number of genes for our method), the 1 Ϫ ␤ against the single-gene hypothesis was not strong (P Ͼ genetic models based on a large number of loci could explain the data equally well. Failure of this assumption 0.01). The Bonferroni correction for ks may have been too stringent for 1000-kernel weight since the data indicated a will cause k adj to be an underestimate (Mulitze and Baker, 1985) . In addition, even if all assumptions hold, genetic difference between CNN and CNN(WI3A) because the mean 1000-kernel weight differed between classification errors may cause the final k adj estimate to depend on the initial k(0) values, resulting in situations CNN and CNN(WI3A) (P Ͻ 0.02) and 38% of the RICLs differed from CNN, but k s was 0.
where both large and small k explain the data equally well. Results in this study are based on the assumptions Compared with some commonly used methods based on molecular markers, there are some clear advantages that loci are either unlinked or in coupling phase. It is not clear how the presence of both coupling and repulto using k adj (or k ) in estimating the number of segregating loci that differ between wheat cultivars using RICLs. Only sion phase linkage would affect the estimates. Finally, the method requires the standard assumptions that the field data are required to obtain k adj (or k ), giving substantial cost savings over molecular marker estimates, which traits are normally distributed and the appropriate alpha level is 0.05. It is not clear how violation of either of require genomic DNA analyses. In addition, since field data must be used for both molecular marker estimates these assumptions affects the estimates. and k adj estimates (or k ), there can be large statistical errors associated with classifying the RICLs. Use of k adj ACKNOWLEDGMENTS explicitly accounts for both Type I and Type II statistical 
